treated with RAS blockade had a modestly elevated hazard of adverse renal outcomes using traditional Cox regression (hazard ratio (HR) 1.04, 95% CI 1.01-1.07) and no significantly increased hazard by marginal structural modeling (HR 1.02, 95% CI 0.97-1.08). Patients treated with RAS blockade had a significantly reduced hazard of incident diabetes, but no significant difference in mortality. Conclusion: This study, conducted in a large real-world cohort, provides evidence that RAS blockade may not provide benefit with regard to longitudinal renal outcomes in obese, hypertensive patients. Further research is needed to elucidate the hemodynamic and renoprotective role of antihypertensive medications in obese patients.
of women in the United Kingdom (UK) population are obese, an increase from 13% of men and 16% of women in 1993 [3, 4] . Obesity significantly elevates the risk for development and progression of chronic kidney disease (CKD) [5] [6] [7] [8] [9] [10] . Much of the heightened risk of CKD in obese patients is attributable to the close link between obesity and the other components of the metabolic syndrome [11] [12] [13] [14] . In particular, type 2 diabetes and hypertension account for the majority of CKD cases in the US [15] . However, obesity is also a potent independent risk factor for the development of CKD and end-stage renal disease (ESRD) [7] [8] [9] [10] . In a retrospective cohort study of 320,252 patients linking the Kaiser Permanente database to the US Renal Data System registry, after adjusting for diabetes and hypertension, Hsu et al. [10] found a 3-fold magnified risk of incident ESRD in obese patients and a 5-fold increased risk of ESRD in severely obese patients (body mass index (BMI) ≥ 40 kg/m 2 ) compared to normal weight individuals.
The renin-angiotensin system (RAS) is closely linked to the development of obesity-associated kidney disease, which is typically characterized by an indolent rise in creatinine over several years and subnephrotic range of proteinuria. Kidney biopsies of patients with obesity-associated kidney disease demonstrate a type of focal segmental glomerulosclerosis, most notable for enlarged, often sclerotic glomeruli and subtotal foot process effacement of the podocytes [16, 17] . These findings are driven by maladaptive changes that occur as a result of glomerular hyperfiltration [18] . Adipose tissue expresses all components of the RAS, including renin, aldosterone, angiotensinogen, angiotensin converting enzyme (ACE) and angiotensin II types 1 and 2 receptors [19, 20] . RAS activation causes afferent renal arteriolar dilation and efferent renal arteriolar vasoconstriction. As a result, each individual nephron is exposed to greater renal plasma flow, increased glomerular pressure and hyperfiltration, leading to glomerulomegaly, podocytopathy and focal glomerulosclerosis [16, 17, [19] [20] [21] [22] [23] [24] [25] . The podocytopathy, coupled with increased intracapillary pressure, often results in proteinuria [17, 25] .
Patients who undergo surgical weight loss interventions may experience a reversal of renal hyperfiltration and reduction in proteinuria [26] . Correspondingly, a reduction in body weight of as little as 5% results in a clinically significant decrease in RAS expression, which may contribute to the reduction in hyperfiltration and proteinuria after weight loss [27] . RAS blockers (specifically ACE-inhibitors (ACE-Is) and angiotensin receptor blockers (ARBs)) are renoprotective in many types of CKD, particularly in the presence of proteinuria [28] [29] [30] [31] [32] . Obese patients are more sensitive to the hemodynamic effects of RAS blockade than normal weight individuals [33] . However, very little is known about the long-term effects of RAS blockade in obesity-associated kidney disease, and in particular, whether these effects are modified by proteinuria and baseline kidney function. The purpose of the study is to evaluate the effect of RAS blockade on the development and progression of CKD in obese patients.
Methods

Overview of the Study Design
We performed a retrospective cohort study using The Health Improvement Network (THIN). We assembled a cohort of obese, non-diabetic adults with treated hypertension, and compared time to development of adverse renal outcomes in patients treated with RAS blockade (specifically ACE-Is and ARBs) versus other antihypertensive medications.
Data Source
THIN is a large database of de-identified information collected in the routine care of patients by their general practitioner and recorded in the electronic health record. The database contains high quality information on 11.9 million patients from 578 practices throughout the UK, encompassing 80.9 million person-years of data [34] . The data contain demographics (excluding race), diagnoses, procedures, laboratory and radiology results, blood pressure, BMI, pharmaceutical history, hospitalization data, socioeconomic status and death certificate data. Notably, every patient in the UK must be registered with a general practitioner who coordinates all care, writes all prescriptions, including those recommended by specialists, and is informed of events in the patient's care (online suppl. methods; for all online suppl. material, see www. karger.com/doi/10.1159/000446862) [34] . The study was approved by the THIN Scientific Review Committee; the Institutional Review Board of the University of Pennsylvania determined that the study met eligibility criteria for institutional review board exemption authorized by 45 CFR §46.101, category 4.
Subjects
The cohort was restricted to obese patients (defined as a BMI ≥ 30 kg/m 2 ) with treated hypertension (defined by the presence of at least one diagnostic code for hypertension and a minimum of 2 consecutive prescriptions for any antihypertensive medication). For each patient, we determined an index date that was defined as the earliest date at which that individual was (a) identified as both obese and hypertensive, (b) registered with a THIN practice for a minimum of 6 months and (c) had a serum creatinine measurement (online suppl. fig. 1 and 2 ). The index date also had to be after the practice began using Vision software and the patient death files were merged with other records in the database [35] . Patients were also required to have a baseline estimated glomerular filtration rate (eGFR) ≥ 30 ml/min/1.73 m 2 by the CKD Epidemiology Collaboration (CKD-EPI) formula [36] . The eGFR incorpo- 433 rates age (updated over the course of the study), creatinine, gender and race. The THIN database does not have ethnicity data available; thus, due to the low proportion of the population of African descent in the UK (3%) [37] , patients were assumed to be of nonAfrican descent for the purposes of the eGFR calculation.
Patients were excluded if they had a diagnosis code for type 1 or 2 diabetes mellitus prior to the index date or diagnostic codes for polycystic kidney disease, congenital kidney disease, urinary reflux, vasculitis or systemic lupus erythematosus. The earliest index date in the cohort was August 21, 1995 ; the latest date of follow-up was January 13, 2013.
Outcomes and Censoring Events
The primary outcome was defined as a composite outcome of 50% reduction in eGFR (occurring across a minimum of 2 consecutive eGFR values), ESRD or all-cause mortality [38, 39] . ESRD was defined as a new diagnostic code for maintenance hemodialysis, peritoneal dialysis or kidney transplant. Patients were censored at the time of transfer out of the practice or loss to follow-up (defined as 18 months with no physician visits or prescriptions). For all patients, the follow-up time ended at the earliest instance of the primary renal outcome (i.e., 50% reduction in eGFR, ESRD or all-cause mortality), the end of the study or withdrawal from THIN.
Variables and Covariates (online suppl. table 1)
We included the following baseline covariates in the model: age, gender, socioeconomic status (included in the database as the Townsend Deprivation Index [40] , a categorical variable), cardiovascular disease (defined by diagnostic codes), congestive heart failure (defined by diagnostic codes), hepatitis B status (defined by diagnostic codes), hepatitis C status (defined by diagnostic codes) and BMI. Time-updated covariates that were incorporated into the models included systolic blood pressure (SBP), eGFR, diabetes status, number of antihypertensive medications [41] [42] [43] and use of mineralocorticoid antagonists [44] [45] [46] [47] . Time-updated confounders were categorized at 6-month time intervals for each patient. When there were multiple measures of SBP during a given 6-month interval, the mean of the values was utilized [48, 49] . When there were multiple measures of eGFR, the minimum value was utilized. If covariates were missing for up to 2 time intervals (1 year), they were carried forward from the previous available time interval.
Secondary analyses included stratification by baseline CKD status (with CKD defined as eGFR <60 ml/min/1.73 m 2 ) and by baseline proteinuria (defined as the presence or absence of an estimated equivalent to ≥ 300 mg/g proteinuria by urine dipstick, urine microalbumin or urine protein to creatinine ratio) [50] in the 26% of patients in whom proteinuria data were reported [29] [30] [31] [32] 51] . Waist circumference was omitted from the models, as it was commonly missing from the data set (<15% reported).
Statistical Analysis
Statistical analyses were performed using STATA version 13.0 (StataCorp LP, College Station, Tex., USA) with 2-sided hypothesis testing and p value of <0.05 as the criterion for statistical significance. Descriptive statistics (mean, median and proportion) were used to describe baseline clinical and demographic characteristics comparing patients being treated with RAS blockade at the index date and patients on any other class of antihypertensive medications. Continuous variables were compared using Student's t test or Wilcoxon's rank-sum test for non-normally distributed variables. Categorical and binary variables were compared using the chi-square test.
For the primary analysis, we compared outcomes of patients who were exposed to RAS blockade (ACE-I or ARB) versus any other class of antihypertensive medications. We also performed a new user analysis that excluded subjects who were already on RAS blockade at baseline to evaluate the effect of incident RAS blockade use on adverse renal outcomes. A secondary analysis was performed using diabetes diagnosis as the outcome, as previous data indicate that RAS blockade may be protective against the development of diabetes [52] . We performed the analyses using traditional Cox modeling as well as Cox modeling with marginal structural modeling.
Cox Proportional Hazards Modeling
Kaplan-Meier curves were generated and log rank testing was performed to assess for equality of survival distributions [53] . Cox proportional hazards regression was used to estimate hazard ratios (HRs) and 95% CIs for the composite outcome associated with exposure to RAS blockade at baseline. For the multivariable-adjusted model, we selected variables a priori that were known to be risk factors for ESRD based on clinical judgment and previously published literature, as described above [40] [41] [42] [43] [44] [45] [46] [47] . The proportional hazards assumption was assessed via Kaplan-Meier curves using log-log plots as well as statistical testing and graphical displays based on the Schoenfeld and scaled Schoenfeld residuals.
Marginal Structural Modeling
Marginal structural modeling was performed to address the relationship between time-updated exposure to RAS blockade and development of the composite outcome in the presence of multiple suspected time-dependent confounders [54, 55] . The marginal structural Cox model was fit by pooled logistic regression utilizing inverse probability weighting [54] . Stabilized inverse probability of treatment weights incorporated all the above-listed baseline and time-updated covariates [56] . Stabilized inverse probability of censoring weighting was also incorporated into the marginal structural model including all of the baseline and time-updated covariates. Weights were truncated at the 1st and 99th percentiles [56] . ( fig. 1 ) Overall, there were 1,108,909 patients with a diagnosis of hypertension and at least 2 prescriptions for antihypertensive medications in the THIN database. Of those, 432,428 had a BMI of ≥ 30 kg/m 2 during their follow-up history. A total of 219,701 patients met additional study criteria and were included in the cohort. After omitting baseline users of RAS blockade, 121,738 patients were eligible for the incident-user analyses.
Results
Cohort Assembly and Characteristics
For the overall cohort at baseline, median eGFR was 72.6 ml/min/1.73 m 2 , median age was 61 years, median SBP was 146 mm Hg and median BMI was 32.8 kg/m 2 .
The median duration of follow-up was 7.2 years (interquartile range 4.8-9.3 years). Forty-five percent were treated with an ACE-I or ARB at baseline ( table 1 ) . Compared to those who were not on RAS blockade, patients treated with RAS blockade at baseline were more likely to be male (49 vs. 39%), had slightly higher median SBP (147 vs. 145 mm Hg), had a higher eGFR (73.3 vs. 71.6 ml/min/1.73 m 2 ) and a higher frequency of congestive heart failure (3 vs. 1%) and coronary artery disease (13 vs. 10%).
Over the course of the study, 79.6% of patients were treated with RAS blockade during at least one 6-month time interval, and 67% of patients were on RAS blockade for at least 50% of follow-up. There were 52,024 patients in whom proteinuria data were available (26% of the original cohort). Out of the entire cohort, 19,321 patients (8.8%) developed the primary end point of 50% reduction in eGFR (confirmed by a minimum of 2 consecutive eGFR values), ESRD or all-cause mortality. For the primary end point, there were 16.7 events per 1,000 person years (16.6 per 1,000 person years in patients who were not on RAS blockade at baseline, and 16.9 per 1,000 person years in patients who were on RAS blockade at baseline). Median time to the development of the composite end point was 5.5 years among patients who were not on RAS blockade at baseline, and 4.7 years among patients who were on RAS blockade at baseline. There were 12.1 deaths per 1,000 person years (with equal event rates in both exposure groups). There were 3.7 adverse renal events (50% reduction of eGFR confirmed with 2 values or ESRD) per 1,000 person years (3.6 events per 1,000 person years in patients who were not on RAS blockade at baseline, and 3.9 events per 1,000 person years in patients who were on RAS blockade at baseline). There were 2.2 patients who developed ESRD per 10,000 person years, consistent with the UK national incidence rates of ESRD [57] ; 2.0 patients per 10,000 person years developed ESRD who were not on RAS blockade at baseline, and 2.6 patients per 10,000 person years developed ESRD who were on RAS blockade at baseline.
Analyses of the Primary Outcome Using Multivariable Cox Proportional Hazards Models
Patients treated with RAS blockade at baseline had a modestly increased hazard of developing the primary composite outcome (Kaplan-Meier estimate, fig. 2 ; log- After stratifying by baseline CKD status, patients with baseline CKD had a significantly increased hazard of developing the primary outcome if they were treated with RAS blockade, but there was no significantly increased risk among patients without baseline CKD. The subgroup of patients in whom proteinuria data were available had a similar hazard of developing the primary end point compared to the overall cohort; however, the sample size was smaller and the association was not statistically significant. There was no statistically significant association between exposure to RAS blockade and the primary outcome in each of the proteinuria subgroups.
In the incident-user analysis, patients had a significantly increased hazard of developing the primary out- 
Analyses of the Primary Outcome Using Marginal Structural Models
Patients had no significant association between exposure to RAS blockade and development of the primary outcome ( table 2 a; HR 1.02, 95% CI 0.97-1.08), which persisted after stratifying by baseline CKD status and among the proteinuria subgroups.
In the incident-user analysis, patients had a significantly increased hazard of developing the primary outcome if they were treated with RAS blockade ( table 2 b; HR 1.11, 95% CI 1.03-1.20) by marginal structural modeling. After stratifying by baseline CKD status, patients without baseline CKD had a significantly increased hazard of developing the primary outcome if they were treated with RAS blockade and a non-statistically significant increased hazard among patients with baseline CKD.
Analyses of the Outcomes of Mortality and Incident Diabetes
Treatment with RAS blockade had no significant effect on mortality (online suppl. table 2), but was significantly protective against development of diabetes using both modeling techniques (online suppl. table 3).
Secondary Analyses
Additional analyses were performed in which patients were censored for development of diabetes, rather than adjusting for development of diabetes, in the marginal structural models; the overall results were unchanged. In death-censored analyses, the results using both modeling techniques were similar to the composite outcome (online suppl. table 4). In analyses in which only a single eGFR value of ≥ 50% reduction from baseline was required to meet the composite renal end point, there was a significantly increased hazard of adverse renal outcomes in both the prevalent and incident-user analyses (online suppl. tables 5 and 6). To address the omission of race from the data set, subgroup analyses were performed using only patients who lived in geographic areas categorized in the lowest or highest quintiles of black population † RAS blockade usage and covariates are time-updated. Marginal structural modeling uses stabilized inverse probability of treatment weighting, taking into account important time-updated confounders with regard to the likelihood of treatment at each time-point; this technique is analogous to using time-updated propensity scores, but takes into account previous confounders and treatment as well, facilitating causal inference [54, 55] . 
Discussion
Our study demonstrated no clear renal benefit to treatment with RAS blockade in obese, hypertensive patients. Furthermore, RAS blockade was protective against the development of diabetes, but not mortality. Little is known about optimal therapeutic interventions for the prevention and management of kidney disease in obese patients. This study is the first to specifically evaluate the effect of RAS blockade on long-term renal outcomes in obese patients with CKD and on the development of de novo kidney disease in obese, hypertensive patients on antihypertensive therapy. Additionally, using a large population-based dataset with detailed longitudinal data on medication use and blood pressure, this study employed the novel approach of marginal structural modeling to take into account the extent of time-updated exposure and time-dependent confounding present in this treatment setting.
Our findings of shorter time to the development of adverse renal outcomes associated with RAS blockade may be due in part to the intrarenal hemodynamic effects of these medications, as supported by the greater magnitude of adverse renal outcomes observed in analyses of incident RAS blockade users with or without CKD. Evidence suggests that obese patients experience greater hemodynamic response to RAS blockade than normalweight individuals. In an in vivo study monitoring the renal hemodynamics of 100 healthy, normotensive humans treated with captopril, Ahmed et al. [33] found that obese patients had a more marked renal vasodilatory response to short term ACE inhibition with captopril than normal-weight individuals (r = 0.55; p < 0.0001). This enhanced response to RAS blockade likely corresponds to the increased activation of the RAS in obese patients. Existing literature supports that the hemodynamic effects of RAS blockade may contribute to up to 30% acute, reversible reduction in eGFR [58, 59] . Nonetheless, in our study, the outcome of 50% reduction in eGFR across 2 consecutive values or ESRD suggests that RAS blockade does not protect against chronic adverse renal outcomes in obese, non-diabetic patients compared to other antihypertensive agents [60] . Additionally, our study corroborates existing data that RAS blockade is protective against the development of diabetes, but not mortality in this patient population [52] .
Our results should be considered in the context of prior studies. The Ramipril Efficacy in Nephropathy (REIN) trial was a double-blinded RCT comparing the effect of ramipril versus placebo in patients with non-diabetic, proteinuric nephropathies on the development of ESRD or doubling of creatinine. The REIN trial demonstrated a significant reduction in adverse renal outcomes in patients randomized to ACE-I therapy [31] . In a post hoc analysis of the 337 REIN trial participants with known BMI, Mallamaci et al. [61] found that there was a significant reduction in the rate of adverse renal outcomes over a mean of 30 months of follow-up in the 49 obese patients treated with ramipril compared to (1) obese patients treated with placebo (HR 0.21, 95% CI 0.06-0.81) and (2) normal-weight patients treated with ramipril (HR 0.18, 95% CI 0.06-0.54). While the REIN post hoc analyses provided insight into renal outcomes in obese patients on RAS blockade, it is important to note that the patients in the REIN trial all had underlying proteinuria. Although RAS blockade is renoprotective in a broad range of kidney disease, there is no consistent evidence of renoprotective benefits of RAS blockade in patients without pre-existing proteinuria [62] . Our results in patients with proteinuria were inconclusive. Due to the low rate of ascertainment for proteinuria in the database, we had limited power to evaluate the effect of RAS blockade in patients with underlying proteinuria. Furthermore, the subset of patients in which proteinuria was measured may not be representative of the overall cohort, as there may have been confounding by indication for assessment of a urinalysis. Nonetheless, our study mainly addresses a different patient population than the REIN study, and suggests that RAS blockade may not provide enhanced benefit among obese hypertensive individuals without proteinuria.
Our study is strengthened by the use of marginal structural modeling (using stabilized inverse probability of treatment weighting) with Cox proportional hazards modeling to take into account the relationship between time-updated exposure and critical time-dependent confounders. Additionally, the use of an extremely large population-based database provides insight into the effects of hypertension treatment in a real-world setting, with broadly generalizable medical and socioeconomic risk factors that are analogous to other developed countries. The prevalence of both obesity and CKD in the UK, in particular, are comparable to the US population as well as many other European countries. However, the study participants are limited to the UK population, which reduces the degree of racial diversity compared to the US population.
In addition to limited data on proteinuria, our study is limited by the presence of other unmeasured confounders. THIN does not record information on race for individual patients, and information on smoking and family history are unreliably and inconsistently recorded. Therefore, these important confounders could not be included as covariates in the analyses. Furthermore, race could not be used in the calculation of eGFR. We attempted to address this limitation with subgroup analyses of patients in the lowest and highest quintiles of black population density, as presented in the online supplemental tables 7 and 8. Also, due to limited clinical information about patients prior to cohort entry, confounding by indication remains possible. We attempted to address this issue in part by excluding patients with diabetes at baseline and adjusting for subsequent development of diabetes. However, we were unable to adjust for other factors such as hyperkalemia, angioedema and cough. We also acknowledge that classic eGFR equations have been criticized in obese patients due to the need to take into account large body surface area, misleading elevation in the eGFR due to hyperfiltration and difficulty estimating accurate muscle mass [63, 64] . Attempts have been made to address this issue [63, 65, 66] . The CKD-EPI equation exhibits the least bias at higher levels of eGFR [36] . CKD status may still be misclassified based on the CKD-EPI equation. However, any potential bias should not impact within-individual changes in eGFR, and will be relatively consistent across all individuals, as our entire population was obese. Additionally, the CKD-EPI equation provides a standardized representation of kidney function as it is currently widely interpreted by the medical community [67] . Finally, the cohort experienced a limited number of ESRD events, limiting the study's power to examine this outcome. For all of these reasons, we have interpreted the findings cautiously and emphasize the need for additional studies to identify therapies that might offer renoprotection among obese patients.
In summary, in a large real-world cohort of patients, we did not find evidence that RAS blockade prevents adverse renal outcomes in obese, non-diabetic patients with treated hypertension. The outcomes shed light on the need to better understand the various potential contributing etiologies to the development of kidney disease in obesity, and how they interact with one another to result in adverse renal outcomes. Specifically, further research is needed to elucidate the hemodynamic role of RAS blockade and other antihypertensive medications in obese patients. Additionally, future epidemiological studies of antihypertensive agents among obese patients should examine important non-renal outcomes such as cardiovascular disease and diabetes.
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